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 
Abstract—This letter describes the design of a medium infrared 
(Mid-IR) laser based on a double clad structure of 
praseodymium (Pr3+ )-doped chalcogenide glass. The overlap of 
the emission cross-sections of Pr3+ in the transitions (3F2, 3H6 → 
3H5 and 3H5 → 3H4 enable both transitions to simultaneously 
produce a single coherent wavelength in the range between 3.7 
μm and 4.6 μm. A single pair Fiber Brag Grating (FBG) at the 
overlapping transition wavelengths is used to avoid fabrication 
complexity of a cascade pumping scheme. In addition, the 
proposed design takes advantages of the fact that one excited ion 
will radiate two photons in the overlapping transition 
wavelengths. In this paper, the laser performance is tested as a 
function of fiber length, pump power, signal wavelength, fiber 
background loss and Pr3+ doped concentration. The modeling 
results reveal that 48% of slope efficiency could be produced 
when the fiber losses are about 1dB/m. 
 
Index Terms— Mid-infrared fiber laser, Praseodymium 
doped-glass, Chalcogenide glass material. 
 
I. INTRODUCTION 
ECENTLY, mid-infrared (MIR) light sources have attracted 
strong interest for many novel applications, which 
include environmental monitoring, biomedical sensing, 
medical diagnostic and homeland security [1-3]. Light sources 
at this spectral region have many interesting properties include 
compact, high efficiency, rugged light source [4]. A low 
phonon energy host material is required to access this spectra 
region and for this reason chalcogenide glass are promising 
host material. Chalcogenide glass has high refractive index, 
good rare earth ion solubility and therefore it is attractive host 
material for rare earth ions [5,6]. The chalcogenide glass 
allows light propagation for broad range of wavelengths from 
1.5 μm up to 13 μm [7]. The feasibility to achieve high-purity 
chalcogenide glass and therefore lower fiber loss have 
increased the interest in MID-IR light source when doped with 
lanthanides [8].  A theoretical study has shown that Pr3+-doped 
chalcogenide glass has attractive characteristics in the mid-
infrared fluorescence. This is because of high pump absorption 
cross-section of Pr3+ in chalcogenide glass as compare with 
other lanthanide rare earth ions [9]. Another reason is that Pr3+  
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can be pumped from a commercially available 2 µm diode 
laser [10]. Additionally, Pr3+ have overlapping emission cross-
sections in the (3F2, 3H6) → 3H5 (3.3–4.7 μm), and 3H5→3H4 
(3.7–5.5 μm) transitions [11]. 
However, there are some problems to realize Pr3+-doped 
chalcogenide glass fiber laser. One of the issues is the long 
lifetime of its lower laser level and so it exhibits a poor overall 
efficiency [12]. A cascade lasing approach is one possible 
solution to this latter obstacle [13,14]. However, it is required 
high fabrication complexity which is related to the 
construction of two pairs of Bragg gratings and two lasing 
cavities [12]. In addition, it requires a significant pump power 
in order to achieve laser action for both transitions.   
In this letter, we propose a new approach to overcome the 
difficulties of the population inversion in Pr3+-doped 
chalcogenide glass fiber laser pumped at 2µm and thanks to 
Pr3+ overlapping emission cross-sections. In this approach, we 
use a single pair of fiber Bragg gratings which its Bragg 
wavelength in the wavelength range of the overlapping 
emission cross-sections (3.7 μm-4.6 μm). One excited ion will 
be able to emit two photons in Mid-IR range as the same 
process in cross-relaxation transition of Tm+3doped fiber laser 
[15]. As a result, more than 48% of power efficiency could be 
theoretically achieved. 
II. THEORY AND DESIGN 
The proposed laser scheme is shown in fig. 1. The pair fiber 
Bragg gratings (FBG) are tuned for both idler and signal 
wavelengths with Bragg wavelength at 4500 nm which lies 
under the overlapping emission cross-sections.  
    
Figure 2 shows the overlap between the two emission cross-
sections [9]. They correspond to the emission cross-sections in 
the (3F2, 3H6) → 3H5 (3.3–4.7 μm), and 3H5→3H4 (3.7–5.6 μm) 
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Fig. 1.  Schematic diagram of Pr3+- doped chalcogenide fiber laser. 
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transitions. The main ion transitions among the energy levels 
of Pr3+-doped chalcogenide glass fiber laser is shown in Fig. 3. 
The typical behavior of the three-level laser system occurs by 
using a pump beam at the wavelength 2.04 µm. 
 
 
The employed model considers the pump absorption and 
stimulated emission close to the pump wavelength at 2.04 µm 
and the signal absorption and stimulated emission close to the 
signal wavelength at 4.5 µm. The laser steady state equations 
are as follows [16,17]: 
 
[
𝐶11 𝐶12 𝐶13
𝐶21 𝐶22 𝐶23
1 1 1
] [
𝑁1
𝑁2
𝑁3
] = [
0
0
𝑁𝑝
]                               (1) 
 
The coefficients in Eq.(1) are as follow: 𝐶11 = 𝑤13
𝑝
, 𝐶12 =
𝑤23
𝑖 , 𝐶13 = −𝑤31
𝑝 −𝑤32
𝑖 − 1 τ3⁄ , 𝐶21 = 𝑤12
𝑠 , 𝐶22 = −𝑤21
𝑠 −
𝑤23
𝑖 − 1 τ2⁄ , 𝐶23 = 𝑤32
𝑖 + 𝛽32 τ3⁄ ,  where τ3 and τ2 are the 
lifetime of level 3 and 2, respectively; β32 is the branching 
ratio of transition of level 3 to 2; The stimulated rates for the 
pump, signal and idler are given by:  
wij
x =
Γxσijλx
A h c
×𝑝𝑥                                                        (2) 
 
Where: x=p for pump or s for signal or i for idler, Γx is the 
confinement factor, σij is the absorption or emission cross-
section for the ij transition, Px denotes the propagating signal 
and pump powers, respectively. Note that the idler is the same 
to signal and under the overlapping transition wavelengths, 
therefore Pi=Ps. A is the doping cross-section area; h is 
Planck’s constant; c is the speed of light in the free space. 
The spatial evolution of the pump and signal powers are 
obtained by solving the following differential equations: 
 
𝑑𝑃𝑝
±
𝑑𝑧
= ∓𝛤𝑝[𝜎𝑝𝑎𝑁1 − 𝜎𝑝𝑒𝑁3]𝑃𝑝
± ∓ 𝛼𝑃𝑝
± (3) 
𝑑𝑃𝑠
±
𝑑𝑧
= ∓𝛤𝑠[(𝜎𝑖𝑎𝑁2 − 𝜎𝑖𝑒𝑁3) + (𝜎𝑠𝑎𝑁1 − 𝜎𝑠𝑒𝑁2)]𝑃𝑠
± ∓ 𝛼𝑃𝑠
± (4) 
where ‘+’ and ‘-‘ refer to forward and backward travelling 
which are governing by the following boundary conditions: 
𝑃𝑠
+(0) = 𝑅𝑖 𝑃𝑠
−(0) (5) 
 
𝑃𝑠
−(𝐿) = 𝑅𝑜 𝑃𝑠
+(𝐿) (6) 
Where 𝑅𝑖 and 𝑅𝑜  are the FBG reflectivity at the input and 
output of the Pr3+-doped fiber, respectively; L is the laser 
cavity length. Relaxation algorithm is implemented to solve 
simultaneously Equations (1)–(4) [13]. We numerically 
propagated the powers at λs back and forth between the 
mirrors, subject to the reflectivity at the fiber ends. The 
process is repeated iteratively until a stop condition is 
fulfilled. 
III. NUMERICAL RESULTS 
The parameters used in the numerical simulations are taken 
from [9,17] and shown in Table I. The absorption and 
emission cross-section at 2.04 µm are shown in fig. 4. 
 
TABLE I 
SIMULATION PARAMETERS FOR A  PR
3+-DOPED  CHALCOGENIDE 
GLASS FIBRE LASER  
QUANTITY VALUE UNIT 
Pr3+-ion concentration 5×1025 m-3 
Lifetime of level 3 4.2 ms 
Lifetime of level 2 12 ms 
Branching ratio for 3-2 
transitions 
0.42    
Pump wavelength 2.04 µm 
Signal and Idler 
wavelength 
4.5 µm 
Confinement factor for 
signal and Idler 
0.8  
Confinement factor for 
pump 
0.034  
Pump emission cross 
section 
1.4×10-24 m2 
   
Pump absorption cross 
section 
2.2×10-24 m2 
 
Idler emission cross 
section 
0.15×10-24 m2 
 
Idler absorption cross 
section 
0.01×10-24 m2 
 
Signal emission cross 
section 
0.66×10-24 m2 
   
Signal absorption cross 
section 
0.75×10-24 m2 
 
 
 
 
Fig. 2 Emission cross-sections in transition 3F2, 3H6 → 3H5 and 3H5 → 
3H4 [9]. The overlapped emission cross-section is shown in the gray 
region. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Magnetization as a function of applied field. Note that “Fig.” is 
abbreviated. There is a period after the figure number, followed by two 
spaces. It is good practice to explain the significance of the figure in the 
caption. 
  
 
 
 
 
 
Fig. 3.  The three lower energy levels diagram of Pr3+- doped chalcogenide. 
Note that the pump is at 2.04 µm. Idler and Signal have the same wavelength 
at 4.5 µm. 
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   For the fiber, we assumed that a conventional double-clad 
structure with a uniformly doped core radius which guides the 
signal wavelength in a single-mode. The inner cladding is 
highly multimode at the pump wavelength. The core radius is 
5.5µm, the inner cladding is 30 µm and the numerical aperture 
is equal to 0.2. The resonator structure of the fiber laser 
consists pair of fiber Bragg gratings (FBG) to trap the signal. 
The reflectivity of the input FBG for the pump wavelength is 
0.05 and for the signal is 0.95 while the output reflectivity is 
0.05 for the signal [9].  
   Relaxation method is used to solve the differential equations 
(3) and (4) of the pump and the signal, respectively. We 
assume the level of losses for the pump and signal 
wavelengths are 1 dB/m and this value is much higher than the 
experimentally paper for some chalcogenide glass [12]. Using 
the data of Table I and the values of the emission and the 
absorption cross-section spectra [17], we solve numerically 
the rate equations (1) of the pump model. We investigate the 
important parameters such as the fiber length, pump power, 
doping concentration, signal wavelength and fiber losses to 
evaluate their influence in the laser performance. Firstly, we 
investigate the influence of laser cavity length. Figure 5 
illustrates the laser signal power versus laser cavity length L, 
for different input pump powers. It can be observed that a 
reduction in the output power with a further increase in the 
fiber length. Also, we can see that the output is maximized 
when laser cavity length equal 1.3 m. In addition, the slope 
efficiency for 4.5 μm wavelength reaches about 48%. The 
main limitation factor for getting higher efficiency is the large 
loss of the chalcogenide host material.  
  To evaluate our proposed design, we compared our finding 
with a conventional cascade pumping scheme proposed in 
[17]. We used two pairs of FBG, one pair is for the idler at 3.7 
µm and the other is for the signal at 4.89 µm. The reflectivity 
of the input and output FBGs for the idler are 0.9 and 0.95, 
respectively while for the signal are 0.95 and 0.05, 
respectively. The simulation results in fig. 6 point out the 
slope efficiency at 4.89 μm wavelength is about 18% and this 
value is about three times lower than the findings of our 
proposed design. The reason for the laser efficiency increase 
in our proposed design is that the idler and signal emission are 
as same wavelength, so one excited ion can radiate two 
photons at wavelength 4.5 µm.  
 
    The next investigation is to study the effect of Pr3+ doping 
concentrations on the laser performance. As different doping 
concentration corresponds to different absorption and 
emission cross-sections we choose the fiber with 5×1025 
ions/m3 described in Table I and another fiber with 2×1025 
ions/m3 as described in [5,11]. Note that the other parameters 
are the same for both fibers.  Figure 7 illustrates the 
dependence of the output laser power on the input pump 
powers with different Pr3+ doping concentrations. In all cases 
the output lasing wavelength is at 4.5 µm.  It is worthwhile 
noticing that an increase of the output laser power is more 
apparent for high Pr3+ doping concentrations. At concentration 
5×1025 ions/m3 there is no signs of crystallization after melt 
cooling and annealing. However heavily doping concentration 
might cause glass devitrification [9]. 
 
 
Fig. 5.  Laser signal power Ps(L) at 4.5 µm wavelength versus the laser 
cavity length L, for different input pump powers, Pp(0) = 3 W (red curve), 
Pp(0) = 5 W (blue curve). Doping concentration Np = 5 × 10
25 ions/m3; input 
and output mirror reflectivity Ri = 5% and Ro = 95%. 
  
 
Fig. 6.  Laser signal power Ps(L) in a conventional cascade pumping scheme 
at 4.89 µm wavelength versus laser cavity length L, for different input pump 
powers, Pp(0) = 3 W (red curve), Pp(0) = 5 W (blue curve). Doping 
concentration Np = 5 × 10
25 ions/m3; input and output mirror reflectivity Ri = 
5% and Ro = 95% for the signal, 90% and 95% for the idler. 
  
 
 
Fig. 4 Absorption and emission cross-sections in transition 3H4 → 
3F2, 
3H6 [17].  
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Figure 8 shows the output laser power as a function of 
lasing wavelength, for two loss levels, for the pump 
wavelength and fiber length fixed at 2.04 μm and 1.3 m, 
respectively, and pump power is 5 W. The results suggest that 
a Pr3+-doped chalcogenide fiber laser could efficiently lase 
within the range of 4.15–4.6 μm at fiber loss 1dB/m and 4.17–
4.55 μm at fiber loss 3dB/m. 
 
IV. CONCLUSION 
In this letter, we propose a highly efficient fiber laser design. 
The proposed layout avoids fabrication difficulties of cascaded 
FBGs in Pr3+-doped chalcogenide glass fibers. The slope 
efficiency is more than three times higher when compared to a 
conventional cascade approach. Pr3+ ions have overlapping 
emission cross-sections in the (3F2, 3H6) → 3H5 (3.3–4.7 μm), 
and 3H5→3H4 (3.7–5.5 μm) transitions. Exploiting this 
characteristic, the proposed design uses only one pair of FBG 
for idler and signal. Hence, it is avoiding the fabrication 
complexity which is related to the construction of two pairs of 
Bragg gratings and two lasing cavities. In addition, one 
excited ion in this approach can emit two photons in MID IR 
wavelengths as the same process in cross-relaxation transition 
of Tm3+ doped fiber laser and so increase the slope efficiency. 
The simulation results reveal that more than 48% of slope 
efficiency could be achieved at wavelength 4.5µm and fiber 
loss of 1dB/m which is almost three times higher than 
conventional cascade pumping scheme. Moreover, the results 
suggest that a Pr3+-doped chalcogenide fiber laser could 
efficiently laser within the range of 4.15–4.6 μm at fiber loss 
of 1dB/m and 4.17–4.55 μm at fiber loss of 3dB/m. 
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Fig. 8.  Calculated output power as a function of lasing wavelength at a pump 
power of 5 W. The pump wavelength and fiber length are fixed at 2.04 μm 
and 1.3 m, respectively. Results are plotted for a fiber with a background loss 
of 1 dB∕m and 3 dB∕m, respectively. 
  
 
Fig. 7.  Calculated output signal power versus the input pump power with 
different doping concentration. 
  
